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SUMMARY 



Testa made on a Curtiss D-12 engine in the Altitude 
Laboratory at the Bureau of Standards show the following 
effects on engine performance of change in jacket-water 
outlet temperature: 

1) Friction at all altitudes is a linear function 

of jacket-water temperature, decreasing with 
increasing temperature. 

2) The brake horsepower below an altitude of about 

9,000 feet decreases, and at higher altitudes 
increases, with increasing jacket-water tem- 
perature . 

3) The brake specific fuel consumption tends to de- 

crease, at all altitudes, with increasing 
jacket-water temperature. 

4) The percentage change in brake power output is 

roughly equal to the algebraic sum of the per- 
centage change in volumetric efficiency and 
mechanical efficiency. 



INTRODUCTION 



Valuable information has been obtained by several in- 
vestigations of the performance of liquid-cooled aircraft 
engines, with high coolant temperatures. All the dyna- 
mometer data, however, have been obtained with engines 
operating at sea level. 

Because Of the interest in this subject a brief., ex- 
perimental program has been conducted in the Altitude 
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Laboratory (references 1 and 2) to determine the effects 
of change 6f j acket-coolan.t :temperature at altitudes of 
10.000 and 20,000 feet as well as at sea level. This is 
the only laboratory in this country where it is possible 
to conduct- dynamometer tests, of aircraft' engines under 
controlled conditions which precisely reproduce those 
actually encountered in flight at various altitudes. 

The only coolant- used was water -and the range of a- 
vailable temperatures was therefore limited to that be- 
tween the coldest obtainable from the city water mains 
and a maximum of 100° C. The tests were made at but one 
speed and one compression ratio_. Altitudes of_10,000 and 
20,000 feet were selected because previous_ test 6 with a 
Liberty" engine" sdme years ago_ha3_ indicated thttt' the power 
output was*" Invariant wi th. j acket- water temperature at ah ' 
altitude slightly below 10,000 feet. Since the power out- 
put at/sea level decreased with increasing jacket-water 
temperature, it appeared that at higher altitudes the pow- 
er otitput might increase with_ increasing temperature. 

. '•' ' APPARATUS AND EQUIPMENT 

■The' engine used was a Curtiss D-12 twelve- cyl inder , 
V-type with a compression ratio of 5.3 : 1, loaned by the 
Bureau- of Aerona.utic~s, _ M'avy Department. The displacement 
is 1^160 cu". in. j and the engine is rated 435 brake horse- 
power at 2|300 r.p.m. at sea level. All. test runs were 
made at an engine speed of 2,000 r.p.m;- at which speed the 
normal sea-level power was 401 brake horsepower at 77° 0. 
jacket" temperature. 

lit ■ . . ■ • . - ' T -. . ' " 

The carburetor intake air was held .at 15 d 0., being 
first dehumidified by cooling to about -40° C, > By means of 
an external oil reservoir the oil inlet temperature was 
held constant at . 60° C. The temperature of the jacket- 
water was controlled by circulating it through a tank to 
which steam or cold water could be added. The. coldest 
runs we? e~ made by passing "water from the city mains di- 
r ectly' , ^n£ough- j the engine without recirculating 

TwV "Stromberg .carburetors, type-NA-Y5b, with no. 46 
main.- jo fa were used. The fuel consisted of a "mixture of 
one th!tr$ benzol^ and^ two thirds^ doj^gtip^avj^tjifin gasoline. 
The' oil* usef wa|* liberty Aero, grade three t possessing a 
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Saybolt Universal viscosity of 697 seconds at 130° F . 
(54'X° C) and'98 seconds, at 210° F. (98.90 JjL) . 

All results are based on maximum power values obtained 
from, mixture ratio runs in which, the mixture ratio was va- 
ried on each side- of .the optimum^ until a def ini t ereduction 
in power was observed. Fuel .consumption was determined by 
timing" the flow from a calibrated measuring t anTE and " a ven- 
tiiri which had been calibrated against a Thomas meter "was 
used to. measure the air flow to the carburetor. Friction 
power loss was determined by motoring the engine with the 
dynamometer. . ■ - — 

RESULTS ._ ■ . __ _ 

For the purposes of this report, indicated horsepower 
.is defined as the sum of -the measured br"ake horsepower and 
the friction horsepower, the latter being the power re- 
quired to drive the engines when motoring with the dynamom- 
eter. Volumetric efficiency is defined as the ratio of 
the volume of air received per cycle, measured at the tem- 
perature and pressure existing at the carburetor entrance, 
to the piston displacement. Because less heat was absorbed 
by the jacket water in the friction runs, lower jacket tem- 
peratures were possible than when operating under .power. 

Referring to figure 1, the friction horsepower at all 
three altitudes decreases approximately linearly with in- 
creasing jacket temperature. At an altitude "of 20,000 
feet the friction horsepower decreases 0.52 percent for 
each degree increase in jacket-water temperature. At an 
altitude of 10,000 feet the decrease is 0.50 percent for 
each degree increase in jacket-water temperature and at 
sea level 0.39 percent. Frank (reference 3) found that 
the friction of a Curtiss Conqueror engine operating at 
sea level was ' approximately linearly variant with jacket- 
coolant outlet temperature, the'average decrease ' being 0,33 
percent for each degree "increase in temperature. 

This change in friction horsepower is primarily duo 
to change in the viscosity of the oil. Oils vary widely 
in their vi sco si ty- temperature relation. Accordingly other 
oils would affect friction and consequently brake horse- 
power differently. It seems probable that an oil with a 
different viscosity-temperature coefficient would give a 
friction curve of different slope, while 'an oil of similar 
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vi sco si ty- temperature coefficient but .of different Saybolt 
viscosity at a given temperature would shift ' the curve par- 
allel to itBelf. 

The "brake power . deer eases with increasing j acket-water 
temper ature ' at sea level, is nearly constant at 10,000 feet 
and increases at 20,000 feet.' The decre&ae in brake horse- 
power at sea level is in accord with the findings of Frank 
(reference : 3} and Nut t ' (refer ence 4) for _ the range covered 
by the present tests. Figure 2 indicates that jacket tem- 
perature has no effect on brake horsepower at an altitude 
of about 9,000 foot. 

I he indicated hor sepower' at. all altitudes decreases 
with increasing jacket water outlet temperature, the per- 
centage decrease for an increase in jacket water tempera- 
ture from 35° 0. to 95° 0.- being 6.7- percent at sea level, 
4.5 percent at TO, 000 "feeT and 5.5 percent at 20,000 feet. 

The change of volumetric efficiency and mechanical 
efficiency with jacket-water temperature at sea level and 
.at altitudes of 10,000 "and 20,000 feet i s ' shown in 'figure 
3. Volumetric efficiency decreases with increasing jacket- 
water temperature because the increased warming in the. 
jacketed intake 'man if - © Ids _and cylinders decreases the_ 
charge tfoight- inducted. The increase .'in mechanical effi- 
ciency results from the more rapid decrease of friction 
than of indicated power with increasing jacket temperature. 
The percentage change in brake horsepower is approximately 
equal to .the net change in the volumetric and mechanical 
efficiencies.- -This is in accord with Ricardo's view (ref- 
er ance " 5 ,. page 86) that the change in power is due to the 
variation .in volume, trie . efficiency and friction, and only 
negligibly tir-change in heat .los.s from the . igni tod ■ charge 
to the jacket with variation in jacket temperature. 

Referring to figure 3, at sea level t the. Increase in 
mechanical • efficiency -is 1.3 percent for the range "of ■ 
jacket- coolant temperature 69.5° d. (157° F.) to 100° C*-- 
(212°F.), whereas Frank (reference 3) with a Curtiss Con- 
queror engine noted, an- .increase of only 0. 5 percent-. 

The tendency ,at. all altitudes is for the brake specify 
ic .fuel consumption to. decrease w i th increasing jacket- 
water temperature-. Thi s —tendency is due largely to the in- 
crease in mechanical efficiency -wi.th .increasing - jacket-.. 
.Water' . temper ature , and- t,o. betier vaporization- of> the fuel 
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due to the warming up of the intake manifolds (figure 3). 
Nutt (reference 4) u.si.ng a Cu-ntiss Cp&querd'r engine VarTed 
the jacket-coolant temperature from .8 6° C. to 149° 6. He 
found that the brake specific fuel; c on sump^tfon "decreased ■ 
gradually until the temperature reached 121° C. and then : 
increased.-. For a given engine, the temperature at which 
this reversal occurred would doubtless be a function .of " 
the oil characteristics. Frank (reference 3) found for 
the -same engine, an average- ..decrease in- brake speci f icfu'ol 
consumption of. Q-,22- percent p.er -degree "C^enTrgr^e^^ncrease 
in j acre t- coolant .temperature. This is the "same "perce'htage 
change as shown in figure 3. However, the ~pTTot"t"ed results 
were obtainad with the Curtiss D-12 engine under maximum 
power conditions at 2,000 r.p.m., whereas Frank's results 
were obtained with the Curtiss Conqueror engine operating 
at 99-£ percent of maximum power and a speed of 2,100 r.p.m. . 
With a Curtiss D-12 engine, Frank (reference 3) reported 
an increase in brake specific- fuel consumption. _wTtbT" increas- 
ing j a_cke t-coolant temperature when . running .full rTch_at 
.2,000 r.p.m/, and a decrease -when operating on the "lean" ~ 
side, of maximum power. The -mechanical efficiency decreases 
with altitude, accounting -for ..the increase in specif ic "fuel 
consumption wi th increase in. • altitude . ' 

At- sea level, the- falling off in brake horsepower with 
increasing jacket temperature, partly offsets - the" advan- 
tage gained due to the decrease in specif ic " fuel "consump- 
tion. For the range covered, the decrease in brake "specif- 
ic fuel consumption is 13.7 percent, whereas the decrease 
in braise power Is only 3.4 percent. In the caie of aircraft 
engines this decrease in specific fuel consumption may bo 
a great advantage and more" than offset the disadvantage of 
the decrease in power output. 

In analyzing the distribution of the available heat in 
the fuel and in computing thermal efficiency, a value of 
19,600 B.t.u. per pound was assumed. Since the exhaust 
gases were cooled by injecting water into them (reference . 
l) the higher heating value of the fuel has been chosen. 
In figure 4 the percentage of fuel heat appearing as useful 
work is seen to increase linearly with increasing jacket- 
water temperature at all altitudes. The percentage of fuel 
fcysat carried away by the jacket water decreases, with increas 
ing temperature at all altitudes because of increasing radi- 
ation and convection from the engine. ~ 

Friction horsepower has been plotted as percentage of 
heat in the fuel. While a part of the friction no doubt 
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app'ear 
tecJteC; 



§ as hea,t in ' the jacket jailer, no difference was de- 
r in i;it,$ke and outlet . jacket- water ■tempera tures when 
taking f ri ction .power 'readings"." "The "amount o : f water circu- 
lated, through ..the^ j acket was a b out 300 kilograms per minute 
and the temperature, readings'" are "probably accurate to with- 
in ±p c i_c. . " - '" • '•■ 

•2 t_ i s evident ; . that : the" greater part of. the friction 
1 s • accounted, forjas.^ heat .10 8*6 in radiation and convection, 
pumpiz.g JLo s s,e£ . and. power "required to drive the- gears, pumps 
and. accessories. ' ' ..' • 



■' conclusions . . ;■ 

In. view of the lar^e'-ciianges in specific fuel consump- 
tion-.a^d f riction' wi th change of ' j acket -water temperature, 
it would seem that 'tj'ite .subject deserve e further attention. 
■The questions ■ of speed," independent -control of intake-mani- 
fold temperature, and .cqmpr'ession ratio should be studied. 
JSiie range of altitude pressures and jacket- cool'ant tempera- 
tures should . be . increased and tests should be conducted va- 
rying, the carburetor int ake- air temperature wi th al ti tude 
according . to . the standard atmosphere. It might also be 
well to conduct, the tests with various lubricating oils and 
jacket coolants. .... 



Bureau of Standards', " , ' 1 

Washington , D , C . , Oct. 18, 1933. 
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